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ABSTRACT

Monolithic fuel is a candidate fuel form being considered for the
conversion of high-performance research reactors. This plate-
type fuel consists of a high-density, U-Mo fuel in a monolithic
form that is sandwiched between zirconium diffusion barriers,
and encapsulated in an aluminum cladding. To date, large
number of plates have been irradiated with satisfactory
performance. The program is now moving into the qualification
phase, a predecessor to the timely conversion of the target
reactors. Since each reactor employs distinct fuel plate
geometries for various consideration, resulting nearly 50 distinct
plate geometries with unique plate design features, a single
“generic” plate geometry capturing all of the extremities is not
achievable. This limitation consequently requires much more
cautious performance evaluations, as thermal and mechanical
response of a plate with certain geometry may not be
representative for a plate with a different geometry. To evaluate
the performance of the plates for various geometric parameters,
parametric sensitives studies have been employed. One of the
important geometric parameters may have potential effects on
the performance is the plate curvature. In this study, curved-
plates were parametrically simulated to investigate if this
geometric parameter has any effects on overall performance, In
particular, radius of curvatures of the plates were varied between
the bounding values, and the plates were simulated for
comparable irradiation histories. The resulted temperature,
deformation, stress-strain results were comparatively evaluated.
The results have indicated that preferential deformations occur.
This consequently caused shifting of plate centerline on curved
plates. The magnitude of centerline shifts increased with
increasing plate curvatures.
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1. INTRODUCTION

The main objective of Office of Material Management and
Minimization (M3) is to achieve a permanent threat reduction by
minimizing and eventually eliminating use of highly enriched
uranium (HEU) around the world. This objective is being
fulfilled by several subprograms: reactor conversion, material
removal and disposition. Reactor conversion program aims to
develop technologies to convert test reactors to operate with a
proliferation resistant, low enriched uranium fuels. Although
many test reactors can be converted with existing licensed LEU
fuel, several high-power reactors require higher density fuels in
a monolithic form. Two types of U-Mo fuel have been
experimentally tested to meet reactor requirements, dispersion
fuel and monolithic fuel. U-Mo dispersion fuel (4.8 g-U/cm?) has
shown good performance for low fission densities. However,
some high-power reactors require higher fuel densities (>8.0 g-
U/cm3) in a monolithic form in order to maintain high reactivity.
Within this concept, US High Performance Research Reactors
(HPRR) Fuel Qualification program has been developing
monolithic U-Mo fuels to support reactor conversion efforts. The
development of these fuels requires many design challenges to
maintain sufficient reactor power levels, while continuing to
meet safety and viability requirements. U-Mo alloy fuel is being
considered due to its preferential response during irradiation.
Studies have shown that molybdenum extends the cubic gamma
phase, which provides increased stability under irradiation.
Irradiation experiments demonstrated that U-10Mo based
monolithic fuel system has a good swelling response and
predictable in-service behavior [1, 2, 3].

The use of a foil form of fuel creates number challenges and
geometric parameters. Abundance of parameters raises concerns
about the implications of plate geometry on the performance. To
address these concerns, the new design should be benchmarked
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for such variables. However, it is impractical to test each of these
design parameters in reactor. Instead, simulations provide a
timely and cost-effective means to evaluate the performance of
plates for variations in operational parameters, fuel plate design,
material property, geometric irregularities, etc. that supplement
the information obtained from irradiation testing.

To date, number of sensitivity studies have been performed to
understand plate’s sensitivity to various input variables,
including (1) geometric parameters, (2) operational parameters,
and (3) material property related parameters.

Currently, all USHPRRs have released designs for LEU
monolithic fuel reactor core designs. While these designs may
have changes, it is considered that they are sufficiently mature to
be used in development efforts. The list below summarizes the
fuel element designs currently considered as described in [4]:

ATR: Modified ELF concept, 19 unique plate types [5, 6].
HFIR: Graded fuel with burnable absorbers [7]

MITR: 19B25 design concept, three unique plate types [8]
MURR: CD35 design concept, 23 unique plate types [9]
NBSR: 34 plates per element, one unique type [10]

PoooTe

These unique plate designs necessitate nearly 50 distinct LEU
plate geometries. Consequently, a single generic plate geometry
representing all of the extreme points in this design matrix is not
realistic, since both extremes of a given parameter could yield
entirely different fabrication difficulties, as explained in details
elsewhere [4].

Although MITR plate design has a flat profile, designs for ATR,
MURR and NBSR have profiles with varying radius of
curvatures as given in Table 1, Table 2 and Table 3.

Table 1 ATR Plate Designs

Plate Plate Width  Plate Thickness  Plate Radius
[#] [mm] [mm] [mm]
ATR, 1 53.823 2.007 76.581
ATR, 13 83.236 1.245 116.281
ATR, 19 100.584 2.515 135.636

Table 2 MURR Plate Designs

Plate Plate Width  Plate Thickness Plate Radius

[#] [mm] [mm] [mm]
MURR, 4 58.471 1.118 80.429
MURR,23  110.185 1.245 146.190

Table 3 NBSR Plate Designs

Plate Plate Width  Plate Thickness  Plate Radius
[# [mm] [mm] [mm]
ALL 70.942 1.270 139.700

Examining the values in the tables indicate radius of curvatures
ranges from roughly 76 mm to 146 mm. Although large number
of plates were irradiated with satisfactory performance, it is not
known if curvatures could have any effects of overall
performance. This work evaluates the implications of plate
curvatures on the thermal and mechanical performance to
address these concerns.

2. FINITE ELEMENT MODEL

Models are fully coupled thermal-structural interactions with
user defined parameters. For this work, a fully coupled 3D model
of a monolithic plate with a capability to evolve mechanical and
thermal properties of the constituent materials with irradiation
time and burnup is utilized. The models used the plate geometry,
irradiation history and coolant conditions as input. Output
parameters included temperature, stress, strain, and deformation
history during transient.

2.1. Irradiation Model

For this work, a mini-plate with a characteristic irradiation
history was considered. The plate was assumed to be in face-on
configuration, meaning the fuel faces to the reactor core center.

Irradiation parameters were sampled from MP-1 mini-plate
experiments. For a conservative evaluation, plates were
evaluated at high power with high burnup. In particular, average
fission power density was taken as 32776 W/cm?® (sampled from
MP-1 high power experiment), average fission density at End of
Life was taken as 7.7E+21 [fissions/cm?], giving nearly a full
burnup, and finally, average fast neutron flux was taken as
2.220E+14 [n/cm?-sec]. Fission density local to average ratio
(L2AR) in the fuel zone was taken as constant (i.e. no fission
profile) to avoid any artificial effects that could be created by a
non-linear fission distribution in the fuel zone.

2.2. Behavioral Models

Behavioral models for the fuel zone included -elasticity,
plasticity, thermal expansion, irradiation creep, volumetric
swelling, modulus degradation, thermal conductivity
degradation due to porosity. The thermal and mechanical models
are based on temperature and burnup dependent data.

Cladding material in this study is aluminum. As-received
aluminum is in T6 temper. However, HIP process effectively
anneals the material, resulting in properties of similar to those
for Al6061-O, on which the cladding properties are based.
Behavioral models for the cladding included elasticity, plasticity,
thermal expansion, neutron hardening, thermal creep, irradiation
growth. The models are based on temperature and fluence
dependent data.

The diffusion barrier is ASM Grade 702 commercially pure
Zirconium, on which the diffusion barrier properties are based



for this work. Behavioral models of diffusion barrier included
elasticity, plasticity, hardening, thermal expansion and thermal
creep. Thermal and mechanical models are based on available
temperature dependent data.

Additional details on behavioral models and the tabulated
property data can be found in FQ’s U-Mo report [11].

2.3. Plate Curvature Model

To wunderstand possible effects of plate curvature on
performance, plate curvature was varied and selected results
were comparatively evaluated. In particular, while all geometric
parameters (width, length and thickness) of the plate were kept
constant, radius of curvature was varied between the bounding
values, as illustrated schematically in Figure 1. Plate curvatures
that were evaluated in this study and their specific reactor
applications are summarized in Table 4.

R Fuel 2ZrBarrier Cladding

Figure 1 Schematics for plate curvature study

Table 4 Plate curvatures studied in this work

Plate Remarks Bottomline Centerline
Curvature Details Shift shift
[mm] [-] [mm] [mm]
25.000 - 3.466 3.552
50.000 - 1.640 1.660
75.000 - 1.083 1.092
76.581 ATR 1 1.060 1.069
80.429 MURR 4 1.009 1.017
100.000 - 0.810 0.815
116.281 ATR 13 0.696 0.699
125.000 - 0.647 0.650
135.636 ATR 19 0.596 0.599
139.700 NBSR 0.578 0.581
146.190 MURR 23 0.553 0.555
150.000 - 0.539 0.541
175.000 - 0.461 0.463
200.000 - 0.404 0.405
- Flat 0.000 0.000

The models with various radius of curvatures were then
simulated by using comparable irradiation parameters. The
resulting distortions, stresses-strains and temperature fields were
comparatively evaluated to make an assessment.

2.4. Model discretization

For the base model, the thickness of the fuel was represented by
6 layers. Cladding was discretized by 22 layers. For diffusion
barrier, 3 layers were used. Nodal divisions in length and width
directions are 210 and 52, respectively. This discretization
scheme resulted in 240240 hexahedral elements.

Since only the radius of curvature was parametrically varied, and
all other dimensions (length, width and thickness) were kept
unchanged, same mesh density were used between the cases to
avoid any errors that could be introduced due to different mesh
setting. A sample discretization of the curved geometry is shown
in Figure 2.

Figure 2 Model discretization

3. RESULT AND DISCUSSIONS
3.1 Effects of curvature on stresses

Table 5 shows a summary of peak stresses estimated for plates
with curvatures. Although there is a slight variation on the peak
stresses in the diffusion barrier, overall the effects were found to
be insignificant. Closer examination of stresses in the fuel and
cladding materials indicated that peak stresses are not affected
by the radius of plate’s curvature.

Table 5 Peak stresses at shutdown for various curvatures

Curvature Peak Equivalent Stress [MPa]
[mm] Fuel Cladding Diff. Barrier
25.0 20.7 129.1 348.3
50.0 21.1 129.1 337.1
75.0 21.5 129.1 327.4
100.0 21.7 129.1 3243
125.0 21.7 129.1 341.4
150.0 21.8 129.1 326.1
175.0 21.9 129.1 325.5
200.0 21.9 129.1 329.4
Flat 22.4 129.1 3243




Figure 3 shows gives equivalent stresses in the fuel zone for
various curvatures. Stresses are shown at the reactor shutdown.
The results have indicated that the locations of peaks would stay
the same (always closer to the fuel corners). Although there are
slight differences, equivalent stresses are comparable between
the cases. The magnitudes are relatively small, implying that
effects of plate curvature on fuel stresses are significant. A
similar trend was also observed for the stress profiles in the
diffusion barrier and cladding materials. To better understand

overall trends, stresses were also examined at the mid-plane of
the plates.

Figure 4 shows stress profiles from the fuel centerline and at the
cladding surface. Examination of profiles at centerline and plate
surface revealed slight differences. However, the magnitudes of
these differences were found to be insignificant. Comparative
evaluation of these results has implied that plate curvature would
not be a determining factor for the stresses in the fuel elements.

Flat Plate R=200mm R=100mm R=25 mm
S, Mises s, Mises S, Mises S, Mises S, Mises
(Avg: 75%) (Avg: 75%) (gl (Avg: 75%) (Avg: 75%)
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18.5 17.8 17'0
17.1 16.5 15'7
13 15.2 14.3
14.3 13.9 i2'9
22 12.5 116
1.5 11.2 10.2
0.4 9.9 8.9
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Figure 3 Fuel stresses for various plate curvatures (a) Flat plate (b) R=200 mm (¢) R=100 mm (d) R=50 mm (¢) R=25 mm
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Figure 4 Stress profiles at the mid-plane for various curvatures (a) Fuel centerline (b) Cladding surface

4



3.2 Effects of curvature on temperatures

Figure 5 and Figure 6 show temperature contours at the cladding
surface and fuel centerline, respectively. Figure 7 compares these
temperature profiles at the mid-plane for wvarious plate
curvatures. Finally, Table 6 shows peak temperatures at EOL
estimated for cladding, diffusion barrier and fuel, as a function
of plate curvature.

Comparative evaluation of these temperature results given for
fuel centerline, cladding surface and global peaks indicated that
temperatures are not affected by the curvature of the plates under
normal irradiation conditions.

Flat Plate R=200mm R=100mm
NT11 NT11

378.8

3754 3758
371.9 372.0
368.5 3686
365.1 365'2
3617 361.8
358.3 3584
354.9 354.9
351.5 351.5
348.0 348.1
344.6 344.7
341.2 341.3
337.8 337.8

Table 6 Peak temperatures for various curvatures

Curvature Peak Temperatures [°C]
[mm] Fuel Cladding Plate Surface
25.0 164.3 117.1 106.2
50.0 164.8 116.8 105.9
75.0 165.1 116.7 105.9
100.0 165.2 116.7 105.8
125.0 165.2 116.6 105.8
150.0 165.4 116.5 105.7
175.0 165.7 116.6 105.7
200.0 166.6 116.6 105.7
Flat 165.6 116.5 105.6
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375.5
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Figure 5 Temperatures [K] at the plate surface (a) Flat plate (b) R=200 mm (¢) R=100 mm (d) R=50 mm (e) R=25 mm
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NT11

R=25 mm
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430.6 430.1
423.2 422.8
415.8 415.5
408.5 408.1
401.1 400.8
393.7 393.4
386.3 386.1
379.0 378.8
371.6 371.4
364.2 364.1
356.8 356.8
349.5 349.4

Figure 6 Temperatures [K] at the fuel centerline (a) Flat plate (b) R=200 mm (¢) R=100 mm (d) R=50 mm (e) R=25 mm
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Figure 7 Temperature profiles at the mid-plane for various curvatures (a) Fuel centerline (b) Cladding surface




3.3 Effects of curvature on deformations

Although effects of curvature on stresses and temperatures were
found to be insignificant, effects of curvature on deformation
characteristics of the plates were found to be considerable.
significant. Figure 8 presents displacements of the plates for
various curvatures. Contour plots indicate that the plate
deformations are heavily affected by the degree of curvature.

Flat Plate

R=200mm

[a] [b] [c]

R=100mm

While flat plates have displacement profiles mostly symmetric
on opposite faces, these displacements magnitudes become
highly preferential with an increasing plate curvature as
observed in Figure 8. With an increasing curvature, the
magnitude of these displacements would increase considerably.

Figure 9 shows deformation characteristics of plates with various
curvatures. In Figure 9a, thickness increase of the fuel as a

R=25 mm

Figure 8 Displacements (At) and deformation patterns (a) Flat plate (b) R=200 mm (¢) R=100 mm (d) R=50 mm (e) R=25 mm
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Figure 9 Deformations for various plate curvatures (a) Fuel thickness increase (b) Plate centerline shift



function of fuel width is seen. The results indicate that the peaks
and overall trend of the profiles are comparable to each other,
regardless of the plate curvature. This implies that plate
curvature is not an influential factor for the thickness increase of
the fuel zone (i.e. swelling is not affected primarily by the degree
of plate curvature)

To understand if curved plates are more prone to warping-type
deformations, displacement profiles at the plate centerline were
also examined. In Figure 9b, centerline shift of the plates with
different curvatures are shown. The trends of the profiles showed
that the plates with tighter curves (smaller radius of curvature)
would have greater degree of centerline movement. It should be
noted that the centerline of the plate shifts towards to the center
of curvature (e.g. trying to make the geometry flatter)

Table 7 summarizes deformation magnitudes estimated for plates
with various curvatures. The results indicate that peak thickness
increase, total swelling and creep strains are relatively
insensitive to the magnitude of the curvature. However, the
results also indicate that plate centerline shifts would occur on
curved plates. This shift would become more significant when
the curvature is tighter.

Table 7 Peak deformations for various curvatures

Radius of  Centerline  Thickness  Swelling Creep
curvature Shift Increase Strain Strain
[mm] A, mm At, mm [%] [%]
25.0 -0.366 0.239 110.49 83.7
50.0 -0.212 0.239 110.80 84.7
75.0 -0.144 0.239 110.59 84.3
100.0 -0.110 0.238 110.46 83.8
125.0 -0.091 0.238 110.42 83.4
150.0 -0.080 0.048 110.32 83.5
175.0 -0.072 0.238 110.13 83.4
200.0 -0.067 0.237 109.90 83.3
Flat 0.000 0.233 107.74 82.8

4. CONCLUSIONS

In this work, effects of plate curvatures on thermo-mechanical
performance of plates were studied. To understand if there are
any effects, curvature of the plates was varied. In particular,
while all geometric parameters (width, length and thickness) of
the plates were kept constant, and radius of curvature were varied
between the bounding values. The resulting temperature,
deformation, stress-strain results were comparatively evaluated
with those from flat plate.

The results have indicated that peak stresses in the fuel, diffusion
barrier and cladding materials are not affected by the radius of
plate’s curvature. Although stress profiles at centerline and plate
surface showed slight differences, the magnitudes of these
differences were found to be insignificant. Comparative
evaluation of all stress results has implied that plate curvature

would not be a determining factor for the stresses in the fuel
elements.

Similar trends were observed for temperatures. Comparative
evaluation of temperature results for fuel centerline, cladding
surface and global peaks indicated that temperatures are not
affected by the curvature of the plates under normal irradiation
conditions.

Although effects of curvature on stresses and temperatures were
insignificant, the effects on deformation characteristics were
found to be considerable. For deformations, multiple output
variables were examined, including total thickness increase,
swelling, irradiation creep, centerline movement. Overall trend
of the deformation profiles was comparable to each other,
regardless of plate curvature. This implied that the plate
curvature is not an influential factor for total thickness increase
of the fuel. In addition, total swelling and creep strains were
found to be relatively insensitive to the magnitude of the
curvature.

On the other hand, the results clearly shown that centerline
relocation would occur on curved plates, indicating presence of
preferential deformations. This phenomenon consequently
caused considerable shifts of plate centerline. The magnitude of
centerline shift increased with increasing plate curvatures. The
trends of the profiles showed that the plates with tighter curves
(i.e. smaller radius of curvature) would have greater degree of
movement. Centerline shift was found to be towards to center of
curvature (e.g. reducing the curvature)

The results and conclusions presented here for ideal and
symmetric cooling conditions. It should be noted that, if one of
the cooling channels is restricted during operation, this would
consequently would create non-symmetric cooling settings,
generating thermal gradients on a curved geometry. Presence of
thermal gradients could magnify centerline shifts, eventually
causing structural instabilities.
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